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The Brassica napus differential line 165 is resistant to infection by Turnip mosaic virus (TuMV) isolates belonging to
pathotypes 1 and 3. Nucleotide sequences of resistance-breaking mutants of pathotype 1 (UK 1), pathotype 3 (CHN 12), and
wild-type isolates have been determined. When the mutations identified were introduced into an infectious clone of UK 1, a
single mutation in the viral P3 protein induced a hypersensitive (necrotic) response in inoculated leaves of line 165 plants.
Full systemic nonnecrotic infection was only possible when another mutation (in the cylindrical inclusion protein) was
introduced. Tests on segregating populations derived from line 165 indicated that the two viral genes were pathogenicity
determinants for two different resistance genes in line 165. One gene responsible for an extreme form of resistance (no
symptoms seen) was epistatic to a second responsible for the hypersensitive reaction. These results help to explain the
relative stability of the resistance in line 165 and to further define the genetic basis of the TuMV pathotyping system. © 2002INTRODUCTION
The gene-for-gene hypothesis of plant–pathogen inter-
actions is a long-standing model used to explain the
specificity of recognition of a wide range of pathogens by
resistance genes (Flor, 1971). The genetic basis of dis-
ease resistance in plants can be studied through the
analysis of crosses in the same manner as many other
phenotypes. However, the genetic basis of the matching
avirulence in plant pathogenic viruses cannot be studied
in such a way and relies on the availability of infectious
clones of the viral genomes for in vitro chimera produc-
tion and subsequent phenotype analysis. Both the resis-
tance gene and the avirulence gene have been deter-
mined for several viruses, with Tobacco mosaic virus
being particularly well-characterised (e.g., Saito et al.,
1987; Meshi et al., 1988, 1989). Another example is Potato
virus X (e.g., Bendahmane et al., 1995; Malcuit et al.,
1999).
Members of the largest family of plant viruses, the
Potyviridae, are transmitted nonpersistently by aphids,
making their spread difficult to control through the use of
insecticides (Tomlinson, 1987). There is consequently
great interest in deploying plant resistance genes to
these viruses. An understanding of the genetic basis of
action of resistance genes may be useful in identifying
combinations of genes to use to achieve long-lasting© 2002 Elsevier Science (USA)
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50resistance in crops. Both host and pathogen genes have
been characterised for gene-for-gene interactions for
Potato virus Y (Masuta et al., 1999; Mestre et al., 2000),
Tobacco vein mottling virus (Nicolas et al., 1997), To-
bacco etch virus (TEV) (Schaad et al., 1997), and Potato
virus A (Hamalainen et al., 2000). In the case of Pea
seedborne mosaic virus (PSbMV), enough is now known
to have some understanding of the molecular basis of its
pathotype system involving the recessive resistance
genes sbm-1 and sbm-2 (Borgstrom and Johansen, 2001;
Johansen et al., 2001). The viral genome-linked protein,
VPg, has been most commonly identified as a pathoge-
nicity determinant in cases involving recessive plant re-
sistance genes, perhaps reflecting an absence of a plant
factor required for VPg interaction to permit viral multi-
plication or spread (Borgstrom and Johansen, 2001).
Turnip mosaic virus (TuMV) is a potyvirus with an
unusually wide host range, of particular importance to
brassica crops (Shattuck, 1992). TuMV isolates have
been characterised around the world using a variety of
differential plant lines from various brassica species
(Provvidenti, 1980; Liu et al., 1990; Jenner and Walsh,
1996). However, the first resistance gene against TuMV
to be mapped, Tu, was identified in lettuce cv. Cobbham
Green (Robbins et al., 1994). TuRB01 was the first TuMV
resistance gene to be mapped in brassicas, in the Bras-
sica napus line N-o-1 (Walsh et al., 1999). The genetic
basis of the resistance identified in the brassica differ-Elsevier Science (USA)
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ential lines above is poorly understood in the majority of
cases. Among the four B. napus lines used by Jenner andein; cy
Walsh (1996), line R4 contains a single dominant resis-
tance gene effective against the isolate TuMV UK 1
(Walsh, 1989) and other pathotype 1 isolates (Walsh et
al., 1999). This gene is now considered to act in the same
way as TuRB01 (Jenner et al., 2000). Line 165, derived
from a selection of B. napus cv. Ruta Otofte (Tomlinson
and Ward, 1982), was reported to possess a single dom-
inant resistance gene, Tum, effective against the “Ontario
strain” of TuMV (Shattuck and Stobbs, 1987) and is re-
sistant to pathotype 1 and pathotype 3 isolates of TuMV
(Jenner and Walsh, 1996). The genetic basis of resistance
present in the two other differential lines, S6 and S1, has
not been examined to date. Most TuMV isolates are
members of pathotypes 1, 3, or 4 (Jenner and Walsh,
1996). Pathotype 4 isolates infect all four differential
lines.
The viral pathogenic determinant for TuRB01 is the
cylindrical inclusion (CI) protein region of the TuMV open
reading frame (Jenner et al., 2000). This is the only case
of a gene-for-gene interaction involving the CI protein
known to date. To understand the genetics underlying
TuMV–brassica interactions better, this study examines
the pathogenic determinants of TuMV for the resistance
in line 165.
RESULTS
Identification of a resistance-breaking mutation
Two isolates of TuMV, UK 1 (pathotype 1) and CHN 12
(pathotype 3), were each observed to spontaneously
mutate on a single occasion to be able to infect Brassica
napus line 165. The mutations did not affect the reaction
of other B. napus lines to the isolates—for example,
neither UK 1 nor the mutant derived from it (UK 1M3) was
able to infect the lines R4 or N-o-1 that contain the
resistance gene TuRB01. Both CHN 12 and the mutant
derived from it (CHN 12M1) infected these lines system-
ically (data not shown). The nucleotide sequence was
obtained for all four of these isolates. Comparison of the
sequences of the wild-type and mutant versions of each
pair revealed several nucleotide changes.
CHN 12M1 differed from the wild-type CHN 12 by three
nucleotides, at positions 3394, 3623, and 8821
(where 1 is the first base of the open reading frame).
These mutations affected three amino acids, altering a
phenylalanine to leucine in the P3 protein, lysine to
arginine in the 6K1 protein, and valine to isoleucine in the
coat protein respectively (Table 1).
UK 1M3 differed from the cloned version of wild-type
UK 1 (p35Tunos) by 16 nucleotides. The resultant muta-
tions are shown in Table 1. They were spread throughout
the genome and consisted of 6 mutations that did not
affect the amino acid encoded and 10 mutations that
caused amino acid changes in six different proteins. The
two mutants, CHN 12 M1 and UK 1M3, shared an iden-
tical mutation at position 3394.
To identify which mutation(s) might be responsible for
the ability to infect B. napus line 165, each was intro-
duced into the infectious clone p35Tunos, a plasmid
derived from a cDNA copy of UK 1 (Sanchez et al., 1998).
The in planta transcription of p35Tunos produces the
virus v35Tunos, which like UK 1 is unable to infect line
165 plants. Homologous regions of the wild-type CHN 12
genome were also introduced as controls because
v35Tunos and CHN 12 have only 95.8% sequence iden-
tity. Conserved restriction enzyme sites were used for
each fragment exchange (Fig. 1).
The chimeric viruses produced and tested on line 165
plants following the introduction of mutations are shown
in Fig. 2. Inoculation with either mutant (CHN 12M1 or UK
1M3) induced systemic chlorotic/mosaic symptoms
while v35Tunos was unable to infect at all. The introduc-
tion of only one mutation, that at position 3394(TC),
was sufficient to cause the production of local necrotic
lesions with limited systemic necrotic lesions in some
plants. Both CHN 12M1 and UK 1M3 possess this muta-
tion. Following culture of the constructs possessing this
mutation in mustard plants, subsequent inoculation to
line 165 plants resulted in variable symptom production
and no infection of some plants. ELISA tests revealed
that TuMV was barely detectable in leaves with the
necrotic lesion symptom, but electron microscopy re-
vealed the presence of viral particles, and RT-PCR fol-
TABLE 1
Mutations Identified in Turnip mosaic virus (TuMV) Isolates Spon-
taneously Found to be Able to Infect Brassica napus Line 165, as
Compared to Their Wild-Type Sequences
TuMV
mutant
Nucleotide
position Mutation
Protein
affected
Effect on
amino acid
CHN 12M1a 3394 TC P3 PheLeu
3623 AG 6K1 LysArg
8821 GA CP ValIle
UK 1M3b 449 GA P1 ArgLys
882 TC P1 No change
1526 TC HC-Pro ValAla
1677 TC HC-Pro No change
1695 AG HC-Pro No change
1912 GA HC-Pro ValIle
3011 CT P3 AlaVal
3394 TC P3 PheLeu
3667 AG 6K1 ThrAla
3685 CA CI LeuIle
3762 CT CI No change
4903 GA CI GlySer
5447 TC CI MetThr
5906 GA VPg SerAsn
5994 TC VPg No change
7887 AG NIb No change
a Sequence compared to CHN 12, GenBank Accession No.
AY090660.
b Sequence compared to v35Tunos, GenBank Accession No.
AF169561.
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lowed by sequencing the product confirmed the identity
of the infecting virus. The only other mutation that led to
infection of line 165 plants was 5447; infection was
variable and always chlorotic.
The ability of chimeras containing3394TC to infect
line 165 indicated that the P3 gene encodes a pathoge-
nicity determinant. However, the inability of the chimeras
to infect all plants with symptoms like the wild-type
mutants indicated that a second region of the viral ge-
nome was also required for an improved level of repli-
cation and infection.
Identification of a second determinant of
pathogenicity
To identify the second region of the genome required
for full pathogenesis, chimeras with two inserts contain-
ing mutations were constructed (Fig. 3). Each chimera
contained the region with the 3394 mutation in asso-
ciation with one or more mutations. A range of symptoms
was found as described above, with local necrotic le-
sions most typical. No combination of the three CHN
12M1 mutations enabled the infection to proceed sys-
FIG. 1. Diagram of genome of Turnip mosaic virus showing major proteins and positions of restriction enzyme sites used in this study. P1, protein
1; HC-Pro, helper component proteinase; P3, protein 3; CI, cylindrical inclusion protein; VPg, viral genome-linked protein; NIa, nuclear inclusion a
(proteinase); NIb, nuclear inclusion b (RNA-dependent RNA polymerase); CP, coat protein.
FIG. 2. The ability of wild-type, mutant, and chimeric Turnip mosaic virus isolates to infect Brassica napus line 165. , v35Tunos (UK 1); 1, CHN
12; o, UK 1M3. , nucleotide mutation affecting amino acid; ƒ, nucleotide mutation not affecting amino acid; , three mutations (two affecting amino
acid, one no effect). 0, no infection; NL, necrotic lesions on inoculated leaves, sometimes with limited systemic spread; , systemic chlorotic lesions
or mosaic.
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temically without the necrosis. However, the combination
of 3394TC with 5447TC from UK 1M3 resulted in
full (100%) nonnecrotic systemic infection (Fig. 4). The
ability of UK 1M3 to infect systemically could therefore be
completely restored by the presence of 2 of its 16 muta-
tions.
The mutation at position 5447 is located in the CI
protein-coding region, affecting an amino acid change
from methionine to threonine. This region has already
been shown to be a determinant of pathogenicity for the
resistance gene TuRB01. However, none of the con-
structs containing any of the UK 1M3 mutations identified
in the CI coding region permitted infection of lines pos-
sessing TuRB01 (N-o-1 and R4, data not shown).
Instability of both mutations causes the multiple
phenotypes arising from individual viral constructs
The plant phenotypes produced by chimeras contain-
ing one or other of the identified mutations were striking
in their degree of variability in contrast to the original
mutant isolates or double chimera (Fig. 2).
Chimeras containing the single 3394 mutation gen-
erally induced necrotic lesions on line 165 plants, but
there was a high proportion of uninfected plants. Chime-
ras were maintained in the susceptible host Brassica
juncea lacking known resistance genes. The greatest
rate of infection tended to be for the first batch of line 165
plants inoculated from the B. juncea cultures. When
inoculations were made weekly from individual B. juncea
plants over a period of 84 days, initially up to 100 local
necrotic lesions per inoculated line 165 plant were seen,
but infection dropped to one or two lesions per plant
within six weeks (data not shown). Sequencing revealed
that the mutation at position 3394 (C) was unstable,
with a strong tendency to revert to (and accumulate) the
wild-type nucleotide (T) when the virus was maintained
in mustard plants. Eventually the wild-type nucleotide
predominated over the mutant nucleotide (data not
shown). The original sequencing of CHN 12 M1 from
mustard leaves also found a mixture of nucleotides (pre-
dominantly wild-type) at this position, but only the muta-
tion (C) when sequenced from line 165 leaves. The in-
ability to infect line 165 plants was therefore always
associated with the loss of the 3394 mutation from the
virus population in the mustard plants.
The other phenotype that appeared occasionally when
line 165 plants were inoculated with chimeras containing
the single 3394 mutation was systemic chlorotic le-
sions with local necrotic lesions (Fig. 2). Subsequent
inoculations from leaves with chlorotic lesions to further
FIG. 3. The ability of additional mutations in Turnip mosaic virus chimeras, based on one containing the3394TC mutation, to alter the symptoms
of Brassica napus line 165 from necrosis to chlorosis. , v35Tunos (UK 1); 1, CHN 12; o, UK 1M3. , nucleotide mutation affecting amino acid; ƒ,
nucleotide mutation not affecting amino acid; , three mutations (two affecting amino acid, one no effect). 0, no infection; NL, necrotic lesions on
inoculated leaves, sometimes with limited systemic spread;, systemic chlorotic lesions or mosaic; nt, not tested as construct unable to infect plants
using mechanical inoculation.
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line 165 plants produced systemic chlorotic infections
only (i.e., no necrotic symptoms). In every case exam-
ined, sequencing revealed that the nucleotide at position
5447 had also mutated (TC). No other mutations
were identified.
Inoculum produced from mustard plants containing
virus with the single 5447 mutation was unable to
cause an infection in line 165 plants (Fig. 2). Whenever
such constructs developed the ability to infect line 165
plants systemically, it was found to be associated with
the mutation at position 3394(TC). In the absence of
selection pressure in mustard plants the 5447 muta-
tion, similar to the 3394 mutation, showed a tendency
over time to revert to and be outgrown by the wild-type
genotype, indicating that neither mutation was beneficial
in the absence of the line 165 resistance.
The multiple phenotypes seen in plants inoculated with
individual chimeras can therefore be explained by a high
frequency of mutation at the two critical positions. Necrotic
lesions arose through infection by virus with the single
mutation 3394TC; systemic chlorotic infection was in-
duced by virus with the double mutations 3394TC and
5447TC, and no symptoms were produced by any other
combination of mutations (Table 2).
Analysis of resistance genes in B. napus line 165
To determine whether the viral determinants of patho-
genicity were interacting with one or more resistance
genes in line 165, parental and segregating F1 and B1
generations derived from a cross between line 165 and a
susceptible B. napus line (N-o-9) were challenged with
four viral constructs containing neither, one, or both of
the identified mutations. The results (Table 2) from inoc-
ulations with the chimeras containing the 3393TC
mutation indicated the presence of a single dominant
(homozygous) allele in line 165 for a resistance gene
conditioning a necrotic phenotype analogous to a hyper-
sensitive reaction (HR, resistance). Inoculations with the
chimera containing the 5447TC mutation indicated
the presence of a second single dominant (homozygous)
allele in line 165, but this time conditioning a more
extreme degree of resistance with a complete lack of
TABLE 2
Phenotypes Observed on Brassica napus Lines and Crosses Fol-
lowing Inoculation with Resistance-Breaking Turnip mosaic virus
(TuMV) Constructs
B. napus line
Mutations present in TuMV UK 1 construct
None
(wild-type) 3394TC 5447TC
3394TC
5447TC
N-o-9    
165 0 NL 0 
F1 (N-o-9  165) 0 NL 0 
B1 (N-o-9  F1) 7 0
1 NL
2 
4 NL
6 
5 0
5 

Note. 0, no infection; NL, necrotic lesions on inoculated leaves,
sometimes with limited systemic spread; , systemic chlorotic lesions
or mosaic. Ten plants per line were inoculated with each construct.
FIG. 4. Different classes of symptoms in Brassica napus line 165
leaves induced by Turnip mosaic virus isolate UK 1 containing various
mutations. (a) No mutations (no symptoms); (b) with 3394TC, affect-
ing P3 protein (necrotic lesions with limited systemic spread); (c) with
3394TC and 5447TC, affecting CI protein (systemic chlorosis
with no necrosis). Inoculated leaf on left, uninoculated leaf from same
plant on right.
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symptoms. The B1 plants inoculated with the wild-type
virus showed segregation for all three phenotypes (no
infection, necrotic lesions, and systemic mosaic), as
would arise from the presence of two segregating genes.
The F1 plants inoculated with the wild-type virus were all
symptomless, indicating that the extreme resistance (0)
phenotype was epistatic to the HR phenotype.
The presence of two resistance genes in line 165 was
confirmed by the examination of phenotypes induced by
inoculation of plants produced by selfing B1 plants (B1S1
plants). The plant families could be grouped into four
categories according to reactions induced and the seg-
regation observed after inoculation with the four viral
constructs (Table 3). The first category consisted of four
families (nos. 53, 68, 75, and 76) that were uniformly
susceptible (with systemic mosaic) to all viral constructs:
the parent B1 plants of these families therefore pos-
sessed no resistance genes. The second category con-
sisted of five families (nos. 51, 60, 63, 69 and 70) that
were uniformly susceptible if the 3394TC resistance-
breaking mutation (affecting the P3 protein) was present,
but otherwise showed segregation of the symptomless
(0) and susceptible () phenotypes. A 2 test of homo-
geneity confirmed that the data from these families could
be pooled and that when segregation was observed the
ratios of resistance:susceptibility were not significantly
different from 3:1 (P  0.90). The parent B1 plants of this
second category appeared to have been heterozygous
for a single dominant resistance gene (proposed to be
named TuRB04) that confers the symptomless (extreme)
resistance reaction in the presence of wild-type viral P3
sequence. The third category, of four families (nos. 52, 61,
67, and 72), was uniformly susceptible if the 5447TC
resistance-breaking mutation (affecting the CI protein)
was present, but otherwise showed segregation of the
necrotic and susceptible () nonnecrotic phenotypes.
The test of homogeneity permitted the families to be
pooled, and when segregation was observed the ratios
of resistance:susceptibility were again not significantly
different from 3:1 (P  0.65). The parent B1 plants of this
third category appeared to have been heterozygous for a
single dominant resistance allele (proposed to be named
TuRB05) responsible for the necrotic response (HR) in
the presence of wild-type viral CI sequence. The final
category of families (nos. 55, 57, 58, 59, 62, 64, and 71)
contained plants that were uniformly susceptible to virus
TABLE 3
Segregation of Phenotypes in Brassica napus B1S1 Plants Following Inoculation with Turnip mosaic virus (TuMV) Constructs
B1S1 family
Mutations present in TuMV UK 1 construct
None
(wild-type) 3394TC 5447TC
3394TC
5447TC
0 NL  0 NL  0 NL  0 NL 
53 0 0 8 0 0 8 0 0 8 0 0 8
68 0 0 8 0 0 8 0 0 8 0 0 8
75 0 0 8 0 0 8 0 0 8 0 0 8
76 0 0 8 0 0 8 0 0 8 0 0 8
51 6 0 2 0 0 8 3 0 5 0 0 8
60 8 0 0 0 0 8 5 0 3 0 0 7
63 7 0 1 0 0 8 6 0 2 0 0 8
69 7 0 1 0 0 8 5 0 3 0 0 8
70 7 0 1 0 0 8 7 0 1 0 0 8
52 0 4 4 2 4 2 0 0 8 0 0 8
61 0 5 3 0 5 3 0 0 8 0 0 8
67 1 7 0 0 8 0 0 0 8 0 0 8
72 0 7 1 0 7 1 0 0 8 0 0 8
55 4 2 0 0 4 2 5 0 1 0 0 5
57 4 2 2 1 5 2 3 0 5 0 0 8
58 7 1 0 0 4 4 6 0 2 0 0 8
59 7 1 0 0 6 2 6 0 2 0 0 8
62 6 1 1 0 5 3 5 0 3 0 0 8
64 4 3 1 0 8 0 7 0 1 0 0 8
71 7 1 0 0 7 1 6 0 2 0 0 8
Note. 0, no infection; NL, necrotic lesions on inoculated leaves, sometimes with limited systemic spread; , systemic chlorotic lesions or mosaic.
Up to eight plants per family were inoculated with each construct.
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containing both mutations. Virus containing only the P3
mutation induced either necrotic (NL) or nonnecrotic ()
symptoms; virus with the CI mutation induced either no
(0) or systemic () symptoms (segregating in 3:1 ratios,
P  0.75, P  0.40, respectively), and virus with neither
mutation induced all of the three symptom types (pooled
data not significantly different from 12:3:1 ratio for the
symptoms 0:NL:, P  0.86). These data are consistent
with the genotype of the parent B1 plants being heterozy-
gous for both resistance alleles, and the gene controlling
the extreme resistance (0) masking the presence of the
necrosis-inducing gene.
The symptoms on just four plants were at variance
with the proposed model (in families 52, 57, and 67).
These plants were symptomless (0) and were probably
rare instances of failed inoculation due to poor levels of
virus in the inoculum and/or reversion of the 3394
mutation.
DISCUSSION
We have identified two TuMV determinants of patho-
genicity for the B. napus line 165 and shown that these
overcome two dominant plant resistance alleles (TuRB04
and TuRB05). A mutation at position 3394 in the TuMV
P3 sequence/protein defeated the extreme resistance/
immunity conferred by TuRB04. TuRB04 is epistatic to the
second gene, TuRB05, which interacts with wild-type CI
sequence/protein causing a HR-like phenotype with lim-
ited viral replication and spread. Mutation at position
5447, in the CI coding region, breaks TuRB05 resis-
tance. We do not know whether the determinant of patho-
genicity is the RNA or the protein, although the latter is
more likely. Line 165 is reported to contain the resistance
gene Tum, conferring resistance to the Ontario strain of
TuMV (Shattuck and Stobbs, 1987). However, line 165 is
fully susceptible to the isolate CDN 1, obtained from the
laboratory of the Ontario group (Walsh, 1989). Conse-
quently, it is not possible to determine whether Tum
corresponds to TuRB04 or TuRB05.
The P3 protein is one of the most highly variable
(Shukla et al., 1991) and least understood potyviral pro-
teins (Urcuqui-Inchima et al., 2001). It is not known
whether the active form of the protein is the P3 alone
(Rodriguez-Cerezo and Shaw, 1991) or the P36K1 com-
plex (Riechmann et al., 1995). It might exist as an integral
transmembrane protein (Rodriguez-Cerezo and Shaw,
1991) and have a role in viral replication (Klein et al.,
1994; Merits et al., 1999). Cloned P3 genes have delete-
rious effects on the growth of Escherichia coli (Merits et
al., 1998) and plants when transgenically expressed
(Moreno et al., 1998). The P3 gene contains a determi-
nant of Plum pox virus (PPV) pathogenicity (Saenz et al.,
2000; Dallot et al., 2001). The 3394 mutation identified
in our work is located in the same region as that for PPV
pathogenicity, but the homology between the two viral
species is so low that no conclusions can be drawn from
this observation. At the gene-for-gene level, the P3
(6K1) has been identified as a determinant of pathoge-
nicity for PSbMV in peas containing the resistance gene
sbm-2 (Johansen et al., 2001).
The CI protein has a helicase function (Fernandez et
al., 1995; Lain et al., 1990) with a role in replication (Klein
et al., 1994). It is also associated with cell-to-cell move-
ment (Carrington et al., 1998), forming structures around
plasmodesmata, which later accumulate as inclusion
bodies in the cytoplasm (Lawson and Hearon, 1971;
Rodriguez-Cerezo et al., 1997; Roberts et al., 1998). It has
been identified as the pathogenicity determinant for
TuMV on brassica species possessing the resistance
gene TuRB01 (Jenner et al., 2000; Walsh et al., 2002). The
CI mutation at 5447 that defeated TuRB05 did not
defeat TuRB01. Recognition by TuRB05 activates a HR
pathway, whereas the TuRB01 phenotype is an extreme
resistance where no obvious symptoms are seen.
TuRB01 and TuRB05 are therefore not identical in spec-
ificity.
The isolate CHN 12 was able to infect line 165 without
necrosis following mutation of the P3 sequence (to over-
come TuRB04), indicating that resistance conferred by
TuRB05 was not effective against CHN 12. The CI se-
quence of CHN 12 differs from UK 1, so the ability of CHN
12 to overcome TuRB05 may be related to the codon at
position 5447 (encoding isoleucine in CHN 12, not
threonine as in UK 1M3) or to another part of the CHN 12
CI. The transfer of the CHN 12M1 P3 sequence away
from the CHN 12 (and CHN 12M1) resistance-breaking CI
sequence into the UK 1 genetic background, with its
wild-type CI, resulted in chimeras unable to overcome
TuRB05. Consequently, the UK 1/CHN 12M1 chimeras
produced necrotic lesions instead of the systemic mo-
saic that arises when both resistance genes are over-
come.
P3 and CI interact in vitro as part of a postulated
replication complex (Merits et al., 1999). It is not known
whether this interaction is significant to the resistance
response in line 165 plants or if it is coincidental that the
two resistance genes recognise interacting viral coding
regions.
The viral components involved in two gene-for-gene
interactions have been described in the recessive gene
system of the potyvirus PSbMV/pea (Johansen et al.,
2001). We have now characterised three viral compo-
nents interacting with dominant resistance genes in the
TuMV/B. napus pathotyping system. The PSbMV system
involves the VPg (sbm-1) and the TuMV system the CI
(TuRB01, TuRB05), whereas the P3 protein is implicated
in interactions with both recessive (sbm-2) and dominant
(TuRB04) resistance genes. The mode of action of such
contrasting resistance genes could be predicted to be
different and may relate in some way to the function(s) of
the P3 protein for the viral life cycle. The recessive gene
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may cause the lack of a plant factor required for P3
function, whereas the dominant gene may encode a
plant receptor that initiates the resistance gene cascade.
The instability of the TuRB04 and TuRB05 resistance-
breaking mutations in the absence of selection pressure
might be related to a part of the P3 or CI proteins critical
to some other function being affected. The relative fit-
ness of the wild-type virus appears to be higher than the
mutants, as judged by the rapid elimination of mutants
from stock culture plants. Mutation to virulence on line
165 has only ever been seen on two occasions (UK 1M3
and CHN 12 M1), whereas mutation to virulence on
plants possessing TuRB01 has been seen many times
(Jenner and Walsh, 1996). This may be due to the fact that
line 165 possesses two resistance genes and/or the
reduced fitness resulting from mutations to virulence for
TuRB04 and TuRB05. A slight cost to fitness has also
been observed for TuRB01 resistance-breaking mutants
(Jenner et al., 2002). The relative costs of overcoming
different resistance genes will have important implica-
tions for the deployment of resistance genes. With this
information together with the identification of the resis-
tance gene products and their modes of action, it is
hoped that informed construction of durable resistance
gene pyramids (Fraser, 1992) may ultimately be possible.
MATERIALS AND METHODS
Virus isolates
The wild-type isolates UK 1 and CHN 12 have been
described and characterised previously (Jenner and
Walsh, 1996). UK 1 originated from B. napus and is a
representative of pathotype1 (unable to infect B. napus
differential lines 165 or R4). The isolate UK 1 was used
previously to construct an infectious cDNA clone,
p35Tunos (Sanchez et al., 1998). The original host of CHN
12 is not known. This isolate is a representative of strain
Tu7 (Liu et al., 1990) and is a member of pathotype 3
(unable to infect B. napus line 165).
The mutants UK 1M3 and CHN 12M1 were identified
following spontaneous mutation on single plants of B.
napus cv. York (swede) and line 165, respectively. Each
isolate was tested for its continued ability to infect line
165 plants with systemic chlorotic symptoms before be-
ing sequenced.
The sequences of the infectious cDNA version of UK 1
and CHN 12 have been deposited in GenBank as Acces-
sion Nos. AF169561 and AY090660, respectively.
All viruses were maintained by mechanical inoculation
in B. juncea (mustard) cv. Tendergreen as described
previously (Jenner and Walsh, 1996).
Plant lines
The B. napus differential lines R4, 165 (Walsh, 1989),
and N-o-1 (Sharpe et al., 1995) have been described
previously. Line 165 was crossed with B. napus line
N-o-9 (a doubled-haploid line susceptible to TuMV, de-
rived from a winter oilseed rape cultivar and used in
genetic mapping studies (Sharpe et al., 1995)). Line N-o-9
was used as the female parent. A single F1 plant () was
back-crossed to a further line N-o-9 plant () to produce
B1 seed. Twenty B1 plants were allowed to self-pollinate
to produce B1S1 seed. Each generation required a period
of vernalisation to induce flowering. Crosses were per-
formed using standard bud pollination methods.
Sequence determination
Reverse transcription PCR (RT-PCR) was performed on
sap from systemically infected leaves using primers de-
signed to produce overlapping products of approxi-
mately 1 kb along the length of the viral genome, as
described previously (Jenner et al., 2000). PCR was per-
formed using Platinum Pfx DNA polymerase (Invitrogen,
Paisley, U.K.). CHN 12 was sequenced from B. juncea cv.
Tendergreen leaves, whereas the mutants and chimeric
viruses were sequenced from B. napus line 165 leaves.
RT-PCR products were separated on 0.7% agarose gels
and were isolated from the gel using QIAquick gel ex-
traction kits (Qiagen, Crawley, U.K.). Sequencing reac-
tions using the Big Dye Terminator system (PE-Applied
Biosystems, Foster City, CA) were performed and run
through acrylamide gels on ABI 377 and 310 Automated
sequencers as described previously (Jenner et al., 2000).
Each nucleotide difference between UK 1M3 and
p35Tunos was checked from at least three independent
RT-PCR reactions. The sequences of CHN 12 and CHN
12M1 were determined from at least two independent
reactions.
Production of chimeric viruses
Manipulation of DNA fragments to produce recombi-
nant plasmids, growth of E. coli, and production of plas-
mid DNA was performed using standard methods. RT-
PCR products encompassing each of the mutations, and
the corresponding wild-type regions from CHN 12, were
cloned into pMOSBlue (Amersham, Little Chalfont, U.K.)
following the manufacturer’s recommendations and the
inserts resequenced to check for errors.
The region of the CHN 12 and CHN 12M1 genomes
containing the CHN 12 M1 mutations at positions 3394
and 3623 was introduced into p35Tunos using flanking
SnaBI and BtgI restriction enzyme sites that were con-
served between the UK 1 and CHN 12 isolates. The two
mutations were also separated from each other in a
subclone using an intervening XhoI site prior to insertion
in the full-length clone. The regions corresponding to the
CHN 12M1 mutation at position 8821 were similarly
introduced using flanking conserved MluI and SalI sites.
The UK 1M3 mutations were cloned into pMOSBlue in
six RT-PCR products. The mutations at positions 449
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and 882 were substituted together into the full-length
clone in a PpuMI–StuI fragment, 1526 with 1677 and
1695 were introduced in a StuI–KpnI fragment, 1912
with 3011 in a KpnI–SnaBI fragment, 3394 with
3667 and 3685 and 3762 in a SnaBI–BtgI fragment,
4903 in a MunI–BstEII fragment, and 5447 with
5906 and 5994 in a BstEII–BstEII fragment. The mu-
tation 7887 (causing no amino acid change) was not
introduced into the infectious clone. In addition, some of
the subcloned fragments containing multiple mutations
were manipulated to separate individual mutations:
3394 was separated from 3667, 3685, and 3762
using an intervening XhoI site, while 5447 was sepa-
rated from 5906 and 5994 using intervening XhoI or
Bst98I sites.
Recombinant full-length clones were identified by
standard methods; the sequence of introduced frag-
ments was checked, and plasmid DNA was rubbed onto
Tendergreen mustard plants for use as the inoculum
source for experiments on B. napus lines as described
previously (Jenner et al., 2000).
Assessment of infection of plants
B. napus plants were mechanically inoculated as de-
scribed before (Jenner and Walsh, 1996), and symptoms
were assessed visually for 3–4 weeks. Presence of in-
fection was also verified by plate-trapped antigen ELISA
using the monoclonal antibody EMA 67 (Jenner et al.,
1999) as described previously (Jenner et al., 2000). Each
isolate or chimera was tested on line 165 plants on at
least three occasions, on a minimum of 15 plants in total.
Chimeric constructs containing one or both of the critical
mutations were tested on 10 plants of the F1 and B1
generations, and 8 plants were tested from each B1S1
family. The identity of virus present in the plants was
checked by RT-PCR of appropriate parts of the genome
(considered to contain any introduced mutations) fol-
lowed by sequencing.
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